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The ultimate information capacity of a three-dimensional hologram for the case of an optimal use 
of the dynamic range of a storage medium, number of pages, the readout conditions is considered. 

The volume hologram is regarded as an object of the information theory. For the first time the 
formalism of the reciprocal lattice has been introduced in order to estimate the informational prop¬ 
erties of the hologram. The diffraction-limited holographic recording is analyzed in the framework 
of the reciprocal lattice formalism. Calculations of the information capacity of a three-dimensional 
hologram involve analysis of a set of multiplexed holograms, each of which has a finite signal-to-noise 
ratio determined by the dynamic range of the holographic medium and the geometry of recording 
and readout. An optimal number of pages that provides a maximum information capacity at angular 
multiplexing is estimated. 

PACS numbers: 42.40.Ht; 42.40.Pa; 42.30.Va 


I. INTRODUCTION 

Information capacity and throughput of different op¬ 
tical objects, including holograms, is of vital impor¬ 
tance for optical information processing and storage 
systemsir—. Here we analyze the ultimate information 
capacity of a three-dimensional (volume) hologram for 
the case of an optimal use of the dynamic range of the 
storage medium. 

II. INFORMATION CAPACITY AND 
RECIPROCAL LATTICE FORMALISM 

Information capacity is directly related to the physical 
properties of the optical media. It can be defined as the 
maximum amount of information that can be recorded 
and then read out with an arbitrarily small probability 
of error. According to the Kotelnikov-Shannon sampling 
theorem, the information recorded in a hologram is fully 
determined by iAA'^W pixels, where A is the hologram 
cross section, and A^FF is the two-dimensional width of 
the spectrum of recorded spatial frequencies. The fac¬ 
tor 4A^IF is a two-dimensional analog of the Nyquist 
frequency. The upper limit of information capacity of a 
three-dimensional and two-dimensional hologram can be 
found by the analogy with the Shannon formula for the 
channel capacity of a communication link in the presence 
of white noise^^S. 


the image-forming signal, and is the average power of 
optical noises. 

Let us find the maximum number of pixels that can be 
recorded in a photosensitive media as a volume hologram 
in the case only diffraction limitations exist. We assume 
that the elementary holographic grating is a spatial dis¬ 
tribution of the recorded physical parameter invariant 
with respect to the translation of the type. 

Tsd = niei+V2e2+v^e^ , Vni S 5 , 'iv2,V3 e K (3) 


T^2d = niBi + ^2^2 + t'oes , Vni G S , Vjz2 G K (4) 

for the three- and two-dimensional holograms, respec¬ 
tively; where are the basis vectors of translation, vq 
is the grating plane coordinate, 5 and 5R are the sets 
of integer and real numbers. In the three-dimensional 
space the vector of translation ([3]) describes the set of 
parallel planes Tsd G S 0 (Fig. m a), the vector 
in (HI) describes the set of collinear and complanar lines 
T2d G 3(g)5? (Fig.m c). 

The reciprocal lattices corresponding to translations 
m and (HI) in the fc-space are 

Qsd = rn^Oi , 'irrA G 5 (5) 


C3D=^AA^WN\og^{l + R3D{A'^W,N)) , bit (1) 


C72D=4AA2lFlog2(l-bi?2D(A2lF)) , bit (2) 

where N is the number of multiplexed holograms (pages), 
R = Pg/Pn is the signal-to-noise ratio at readout of one 
pixel, Pg is the upper boundary of the average power of 


Q 2 D = , Vm^ G 5 , G 5R (6) 

where ^°is the coordinate of the reciprocal lattice plane, 
q-^ are the basis vectors of the reciprocal lattice satisfying 
the orthogonality relation = 27r(5^, where 6f is the 

Kronecker symbol. 

In the fc-space the reciprocal lattice m is a set of 
equidistant points Qsd G 3 (Fig.[Tl b) whereas the recip¬ 
rocal lattice ([n]) is a set of collinear and complanar lines 
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FIG. 1: Translation-invariant sets and reciprocal gratings for 
optical diffraction from three-dimensional (a, b) and two- 
dimensional (c, d) holographic gratings: (a, c) - the coor¬ 
dinate space, (b, d) - the A:-space; K is the scattering vector 
(shown only for scattering “forward”), ko and kr are the wave 
vectors of the readout and reconstructed beams, respectively, 
A = 27r/K is the grating period. 


Q 2 D G S 0 5R , the orientation of which is defined by the 
orthogonality relation (Fig. [H d). 

When information is reading from a hologram, the ori¬ 
entation of the reconstructed beam is determined by the 
points of intersection of the Ewald sphere (the radius of 
which is equal to the readout light wave vector kg) and 
the reciprocal lattice. The scattering vector coincides in 
this case with the vector of reciprocal lattice (O or 
as shown in Fig. [1] Independent states in the A:-space 
at the Ewald sphere correspond to diffraction-resolvable 
Fourier components of the reconstructed image. There¬ 
fore, the maximum number of pixels that can be recorded 
in the hologram of any dimension is equal to the number 
of states at 1/2 of the Ewald sphere surface. 



where A^k = ir/A is the square of the minimum uncer¬ 
tainty of the wave vector in the diffraction limit of resolu¬ 
tion, and A is the readout light wavelength. Countingthe 
states on half the surface of the Ewald sphere corresponds 
to summing over the spatial frequencies within the entire 
Fourier plane. The expression © assumes that there is 
no polarization multiplexing. If it is taken into account, 
the results should be doubled. 


III. DYNAMIC RANGE, WORD LENGTH AND 
NUMBER OF MULTIPLEXED PAGES 

The maximum number of pages recorded in a three- 
dimensional hologram at angular multiplexing can be 
calculated by summation over all vectors of the recip¬ 
rocal lattice sitting on the Ewald sphere (i.e., over all 
the wave vectors of the recorded holographic gratings): 
max(iV) = 2k/Ak = 4L/A, where Ak = tt/L is the 
minimum uncertainty of the wave vector, and L is the 
hologram thickness. Taking into account the expression 
it is easy to find the maximum number of pixels 
that potentially could be recorded at all pages of a three- 
dimensional hologram in the case of an unlimited dy¬ 
namic range 


sup {AAA^W) max {N) = 32-^ (8) 

Estimates of the type of ” volume” /\^ are often given 
for the ultimate information capacity of a hologran>ii2ii^; 
but an unjustified assumption of information storage in 
the form of stored elements of volume (’’voxels”—) is fre¬ 
quently made in this case, and the two-dimensionality of 
the spectrum of spatial frequencies of the recorded image 
is ignored. The number of multiplexed holograms is de¬ 
termined by the finite dynamic range of the holographic 
medium on which the signal-to-noise ratio depends. This 
is the reason, while the estimation ([5]) practically is un¬ 
achievable. At multiplexing, the information capacity 
does not grow in N times, as it could be concluded from 
a shallow analysis of expressions o and ([5]) that did not 
take into account the dependence i? 3 D = Rzd{N). 

Let us consider now, how the number of pages af¬ 
fects the information capacity. In the case of a two- 
dimensional hologram the entire dynamic range is used 
to code each pixel with the maximum word length. For 
a three-dimensional hologram an exchange of the word 
length on the number of pages in the limits of the same 
dynamic range is possible. An increase in the number 
of pages is achieved by decreasing up to the word 
length of one bit per pixel. Let us show that there is an 
optimal number of pages at which the information capac¬ 
ity is the highest. The number of multiplexed holograms 
can be presented in the form N = \JPs [Vj/y/P/ {N) , 
where Fs(l) is the maximum signal power for record¬ 
ing only one page for using the entire dynamic range, 
Ps{N) is the signal power for recording one of the N 
multiplexed pages. Now we can relate Rsd {N) and 
Rsd (1) = maxAT R 3 D {N) as 


R3D (N) = 


Ps{N) 

Pn 


Ps{l) 

N^Pn 


PZD ( 1 ) 

7V2 


If Rsoi^) » the expression © acquires the form 


C 3 D {N) = NC 3 D (1) - SAA^WN log2 N (9) 
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of the three-dimensional hologram in which N pages are 
recorded is lower than the information capacity -/VC' 3 d( 1 ) 
of the set consisting of N holograms in each of which only 
one page is recorded, all other conditions being equal. As 
follows from Eq. the difference in the information ca¬ 
pacity per one pixel is described by the function 


L(N)s ° <"> = 2W tog, JV , bit 

The numerical calculations are shown in Fig. [21 


FIG. 2: Function L{N) versus number of multiplexed holo¬ 
grams. 


This function has a maximum at 

° ySAA-^W In 2/ 

Therefore, there is an optimal number of pages Nopt = 
entier{NQ) above which the information capacity will de¬ 
crease because of a reduction in the signal-to-noise ratio 
RsoiN). 

It is interesting to note that in the case of a suffi¬ 
ciently high i? 3 _D(l) the information capacity C 3 d{N) 


IV. CONCLUSION 

To summarize, the hologram was regarded in our study 
as an object of the information theory. Calculations of 
the information capacity of a three-dimensional hologram 
involved analysis of the set of multiplexed holograms, 
each of which had a finite signal-to-noise ratio determined 
by the dynamic range of the storage medium. The prob¬ 
lem of an optimal use of the dynamic range at angular 
multiplexing was solved. Analysis of diffraction-limited 
holographic information recording was carried out in the 
framework of the reciprocal lattice formalism, which al¬ 
lowed us to use such a basic property of an optical image 
as two-dimensionality of the spectrum of its spatial fre¬ 
quencies to a full extent. 
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